INTRODUCTION
The broad purpose of this work is to understand the genetic basis of fracture risk. In order to accomplish this goal, we are working to detect and identify genes whose segregation alters bone biomechanical performance in young adult mice. Two crosses are being analyzed; the first is an intercross of recombinant congenic strains HcB/13 X HcB/14. These strains each carry 1/8 of their genomes from C57BL/10ScSnA and the remainder from C3H/DiSnA. HcB/13 and HcB/14 are highly divergent in their bone properties, but only ~l/4 of the genome segregates in this cross, allowing analysis of epistatic interactions in a moderately sized cross. The second cross is between outbred B6C3fFe-a/a-Cola2om/+ heterozygotes and B6C3/Fe-a/a FI animals. The B6C3 background is closely related to the HcB/Dem system. In both cases, bones from 4 month animals will be phenotyped by 3-point bend testing, radiographic analysis, ash percentage, Fourier-transformed infrared spectroscopy, and histomorphometry. Histograms of the trait values will be used to select animals for use in linkage mapping, which will then be carried out using the QTL Cartographer software suite. Linkage mapping of distributed microsatellite markers will be supplemented by markers isolated through representational difference analysis of phenotypically extreme animals from each cross. QTLs identified in both crosses will be isolated through the generation of congenic lines by marker-assisted selection. The approach taken in this work expands on earlier investigations of bone genetics in that biomechanical performance is a primary endpoint and that pleiotropy testing of biomechanical outcomes and sub-phenotypes relates QTLs to specific components of bone strength.
BODY
Statement of Work Item 1: Intercross between HcB/13 and HcB/14 Progress on this item was delayed approximately 6 months last year due to issues arising from my relocation to the University of Wisconsin. In last year's progress report, we anticipated being able to make up approximately 3 months during the past year.
We have genotyped approximately 50 additional markers in the HcB/Dem strains. We expect that an additional 50 markers will be analyzed within the next 2 months. This will accomplish the additional genotyping portion of aim 1. The delay in completing the genotyping is due not to a problem, but to simultaneous performance of the Aim 1 genotyping and the Aim 2 genotyping (see next section).
We have generated the 13 X 14 and 14 X 13 FI populations. We have generated approximately -2/3 of the 13 X 14 arm of the F2 population, but only -1/10 of the 14 X 13 arm of the F2 population. In the statement of work, we specified that a reciprocal cross would be generated and analyzed. The poor breeding of the 14 X 13 arm relative to the 13 X 14 arm demonstrates the biological differences arising from whether specific alleles are inherited maternally or paternally. In order to overcome this breeding problem, we have increased the number of 14 X 13 FI matings. We expect all mice to be bred and sacrificed by mid-autumn. We expect micro-CT and mechanical testing to be completed by the end of 2002.
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Robert D. Blank DAMD17-00-1-0071 Annual Report 4/01-3/02 Statement of Work Item 2: Genetic Characterization of Colla20,m/+ heterozygotes Two completementary approaches are being pursued to achieve this aim. The first is to genotype our previously generated population of 225 Colla20,m/+ heterozygotes using informative microsatellite markers and use these genotypes and phenotypic data from these animals to map modifiers of bone strength. The second is to generate markers linked to putative modifiers of bone strength by representational difference analysis (RDA). We have made progress using both approaches.
We have completed approximately 14 of the microsatellite marker genotyping for the population and expect this to be completed sometime in June. Linkage analysis once the genotypes have been generated will require less than 1 month. We have exploited the observation of phenotypic attenuation of Colla2om/om homozygotes by using the outbred and partially inbred Colla2oim/oim animals to generate the DNA pools for this task, rather than the extreme animals of the Colla2oim/+ heterozygote population. We have generated collections of fully subtracted clones using 2 different restriction enzymes. Subtraction is still in progress with a 3rd restriction enzyme. We are presently characterizing the clones obtained to date, in order to limit testing these for association with bone strength to those shown not to be repetitive sequences, cloning artifacts, or sequences that escaped subtraction.
We expect to have completed the RDA experiments, including tests of association by mid-autumn of 2002. It should be noted that use of the outbred and partially inbred Colla2oim/oim animals to perform this experiment strengthens the experiment, as different populations of animals are being used to generate (homozygotes) and test (heterozygotes) RDA-derived markers for association with bone strength.
Statement of Work Item 3: Initiation of Breeding to Generate Congenic Lines
This aspect has not yet begun, as it is contingent on mapping data from statement of work item 1. This was not expected to begin until late in year 3 or year 4, and we do not believe that this timetable requires modification.
Modification of Statement of Work in View of Research Performed to Date
Three changes in the statement of work are proposed as a result of the past year's events:
First, the timeline for the intercross must be extended because of the poor breeding performance in the HcB/14 X HcB/13 arm of the cross. This delays task c of item 1 by 6 to 9 months. Item d of item 1 will be delayed approximately 3 months. Items e and f are not expected to be delayed.
Second, item 2's RDA experiments have been performed with outbred and partially inbred Colla2oim/oim animals rather than heterozygous animals as originally proposed. Part c of the item 2 statement of work is approximately 3 months behind schedule. Completion of part d of this item is not expected to be delayed. As noted above, the change in choice of DNAs to be used for this portion of the proposed experiment strengthens the experimental design, as the RDA markers are derived from 1 set of animals and tested in a distinct population.
Third, genotyping and mapping the Colla2oim/+ heterozygous animals is progressing nicely and is being done in addition to the items outlined in the original statement of work. We expect that this will be completed sometime in year 3.
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• Observation that HcB/13 X HcB/14 matings are more productive than HcB/14 X HcB/13 matings.
• Generation of RDA products from outbred and partially inbred Colla20,m/om pooled DNAs • Genotyping at ~50 loci for HcB/Dem series and the 225 Colla20,m/+ heterozygous animals • Observation of differences in collagen cross-link maturity and crystallinity between HcB/8 and HcB/23, a pair of strains in which calculated tissue strength differs markedly in spite of similar ash percentages. These FTIR indices, since they are independent of the 5 traits mapped simultaneously in the HcB/Dem strain survey (mass, failure load, structural stiffness, ash percentage, and cross-sectional moment of inertia) can be added to linkage maps in seeking potential pleiotropic bone-strength related loci.
REPORTABLE OUTCOMES Manuscripts
The preliminary data included in the original application for this award are reported in a manuscript published in The Journal of Bone and Mineral Research [1] . This manuscript was in press at the time of last year's report and was included as an appendix at that time.
A perspective [2] arising from a report by Beamer and associates [3] was published in The Journal of Bone and Mineral Research. This manuscript was in press at the time of last year's report and was included as an appendix at that time.
The manuscript describing the use of GC-clamps as an aid to the design of denaturing high performance liquid chromatography submitted to Clinical Chemistry has still not been published. The reviewers requested significant revisions of the manuscripts-primarily directed at shortening the report to approximately % of its present length. The co-authors have not yet approved the revised manuscript. While not a component of the approved Statement of Work, this work nevertheless could not have been accomplished without this award.
An original manuscript [4] describing the inhibitory effects of sulfate on in vitro mineralization was published during the past year. It is included as appendix 1. While not a component of the approved Statement of Work, the investigation was greatly facilitated by this award.
An original manuscript describing Fourier Transform Infrared spectroscopic data from the HcB/8 and HcB/23 recombinant congenic strains is nearly ready for submission. While study of this pair of strains was not included in the approved Statement of Work, the large differences in the calculated tissue strength of bones from these strains prompted our choice of these strains for initial investigation of collagen cross-link maturity and crystallinity in these strains. Support provided by this award was invaluable in performing these studies. A draft is included as appendix 2. Please note that the manuscript still is under review by co-authors and that the discussion will likely be amplified prior to submission. 
CONCLUSIONS
While work remains on-track with regard to statement of work item 2, item 1 remains significantly behind schedule. Some of this tardiness arose from my laboratory's relocation to the University of Wisconsin, but in addition to that, one arm of the reciprocal intercross proposed has bred poorly. We expect to complete the proposed overall work on schedule in spite of this.
In addition, the findings that collagen cross-link maturity and crystallinity apparently reflect differences in bone tissue strength have provided a potential mechanism for explaining differences in bone tissue strength that are independent of mineral content. This observation is the basis of a highly scored VA Merit Review application in which we will study a reciprocal intercross of HcB/8 and HcB/23, focusing on tissue strength rather than structural strength.
Ultimately, biomechanical performance under physiologic stresses is the single most important property of bone from the clinical perspective.
Prediction of biomechanical performance is potentially important in the military setting in order to match personnel with duty assignments that they can perform effectively with minimal risk of injury. (Boskey et al., 1992b) . The eggs were maintained m a humidified incubator at 37°C for 4.5 days. The em¬ bryos were then sterilely withdrawn from the eggs and their limb buds removed into 0.9% USP grade saline (Abbott Laboratories, N Chicago, IL). Cells, released from the limb buds by digestion with 5 ml 0.25 wt.% trypsin-0.53 mM EDTA (GIBCO, Grand Island, NY), were separated from debris by passage through two layers of 20-p.m Nitex membrane (Tetko Inc., Ardsley, NY). Cells were counted with a hemocytometer, checked for viability by trypan blue dye exclusion and pelleted in the cold at 2300 rev/min. In all cases, viability was greater than or equal to 97%. Cells were resuspended in medium containing 1.3 mM Ca and plated using the micro-mass technique (Ahrens et al., 1977) , at a density of 0.75 million cells per 20 p.1 drop in 35 X10 mm Falcon dishes and allowed to attach for 2 h in a humidified atmosphere of 5% COz at 37°C After 2 h, Dulbecco's modified essential medium (DMEM, GIBCO Formula 80-0303A, Grand Island, NY) which initially contained 1 mM inorganic phos¬ phate and 0.3 mM calcium, was adjusted to have final concentrations of 1.3 mM calcium chloride, 1000 mg/1 glucose and 50 units/ml penicillin and 25 jig/ml streptomycin, 10% fetal calf serum (GIBCO, Grand Island, NY) and 0.3 mg/ml glutamine. Mineralizing cultures were further supplemented with 3 mM inor¬ ganic phosphate from day 2 onward, making the total inorganic phosphate content 4 mM. In preparation for a NASA space flight, the cultures were maintained in a CellMax Quad artificial capillary cell culture system (Cellco, Inc., Germantown, MD), consisting of a chamber to contain cells flushed with medium at controlled temperatures and pressure. Medium con¬ taining 2.5 mM (3-glycerophosphate was recycled through the chambers at a rate of 6 ml/min. Half of the chambers received 25 pg/ml vitamin C, prepared fresh with each medium change, with the medium bottles changed every 2 days. The other half received 5 p,g/ml vitamin C-sulfate prepared once and recy¬ cled for the length of the experiment. Based on the results of that study (Fig. 1) , vitamin C-sulfate was used for NASA experiments. For the purpose of the study reported here, the vitamin C supplements (de¬ scribed below) were added with every medium change from day 2. Non-mineralizing cultures received no -phosphate supplements but did receive the ascorbate supplements. Medium was changed every 48 h. Cul- Vitamin C was also added at a concentration of 5 ag/ml To determine whether the Vitamin C-sulfate degraded 'on the shelf, in some experiments the reagent which was acquired in 1995 (old) and was still valid according to the manufacturer, was used, while in others the vitamin C-sulfate was used within 1 week of receipt from the manufacturer and prepared fresh with each change of medium (fresh). Another batch of cultures received this same vitamin C-sulfate prepared at the start of the experiment, but not remade for each change of medium (new). In another set of experiments, the 'new' reagent was heated at 60°C for 4 h to accelerate any breakdown. Cultures prepared from the same cell preparation but main¬ tained with the different vitamin C sources were collected for analyses on days 5, 12, 16, 19 and 21. Cell viability and the ability to form chondrocyte nodules was determined on day 5, based on propidium iodide and alcian blue staining, respectively.
Matrix and cell parameters
Cell and matrix morphology and mineral localiza¬ tion were analyzed by transmission electron micro- scopy (TEM). Samples were washed first with 0.05 M cacodylate buffer and then fixed in the culture dish for 12-18 h at 4°C in EM fixative (0.5% glutaraldehyde, 2% paraformaldehyde, 0.05 M pH 7.2 cacody¬ late buffer). After removal of the fixative, samples were stored at 4°C in 0.05 M cacodylate buffer con¬ taining 7% sucrose. Fixed cultures were removed from the dish, post-fixed with 2% aqueous osmium, dehy¬ drated in a graded series of alcohols and embedded in Spurr's resin. Thin sections were collected on water containing bromthymol blue as an indicator for pH above 8.0 to prevent mineral dissolution. Sections stained with lead citrate and alcoholic uranyl acetate were examined on a Philips CM12 electron micro¬ scope and representative micrographs photographed for presentation.
. . Matrix properties in cultures treated with different supplements were measured on day 16. Specifically, total proteoglycan content was determined using a modification of the dimethylene blue staining method (Farndale et al., 1982) , with relative values reported as absorbance at 595 nm. To determine the extent of proteoglycan sulfation, parallel dishes labeled at day 15 with 35S04 (1 uCi/ml) for 16 h were subjected to the dimethylene blue staining procedure and the radiolabelled dimethylene blue-proteoglycan complex ex¬ tracted into 4 M guanidine hydrochloride and an aliquot of the extract subjected to scintillation count¬ ing. Data was expressed as 35S04/proteoglycan absor¬ bance. Collagen hydroxyproline was measured in 0.1-mg aliquots of lyophilized mineralizing day 16 noted.
were expressed as nmoles hydroxyproline per mg dry culture weight. Alkaline phosphatase activity (Sigma Test Kit 104-LL, SigmaDiagnostics, St Louis, MO) was monitored on day 12. The cultures were washed twice with 0.9% sodium chloride and digested at room temperature for 30 min in a buffer containing 0.15 M pH 9.0-Tris, 0.1 mM magnesium chloride, 0.1 mM zinc chloride and 1% Triton. The cultures were broken apart with a cell scraper and the incubation repeated and the activity of the total extract measured using p-nitrophenyl-phosphate as the substrate.
Mineral analyses
The accumulation of mineral in the cultures was assayed, as detailed elsewhere (Boskey et al., 1992b (Boskey et al., , 1997b ) based on 45 Ca uptake (expressed per total culture). In brief, 45 Ca uptake was determined for each micromass culture spot, following hydrolysis of the spot in 2 N HC1 (2 h, 60°C) and scintillation counting. Uptake was expressed as percentage of min¬ eralizing control cultures at day 21. The presence of mineral was also validated by Fourier transform in¬ frared microspectroscopy, FT-IR (Boskey et al., 1992a) . FTIR imaging and microscopy studies were done on fresh cultures, placed and air diyed, on barium fluoride IR windows. Spectra were recorded at 20-p.m resolution using a BioRad Infrared Spec¬ trometer (Cambridge, MA) with an MCT detector.
Statistical evaluation
Each experiment was performed at least in tripli¬ cate, with three-four dishes of each condition for each time point for each individual experiments. In each independent experiment, the average for each condition at each time point was calculated and these average values used to calculate means for all experi¬ ments. Significant differences between experimental and control conditions were evaluated based on ANOVA and the appropriate statistical test. A P< 0.05 was taken as significant.
Results
Fig. 1 presents the 45 Ca uptake in the Cell-Max cartridges, comparing a typical culture with 5 pg/ml vitamin C-sulfate (made once) and 25 pg/ml vitamin C (prepared fresh every other day). As can be seen, there was no detectable difference. Fig. 2 presents typical micrographs which indicate that the appearance of the cellular morphology and mineral deposition in cultures treated with 12.5 pg/ml vitamin C-sulfate differs from those treated with 25 p.g/ml vitamin C. Although the appearance of the matrix seems normal in both non-mineralizing (Fig.  2a,b ) and mineralizing cultures (Fig. 2c,d ), in all mi¬ crographs examined, there was less matrix between., chondrocytes following vitamin C-sulfate treatment (Fig. 2b,d ) compared to vitamin C alone (Fig. 2a,c) . Also, many of the chondrocytes showed inclusion bodies (Fig. 2d) suggesting that cell function is not completely normal after exposure to vitamin C-sulfate. The appearance of the collagen and proteoglycans, however, was not noticeably different.
The various vitamin C preparations also did not have a significant effect on nodule size (not shown), or on total proteoglycan content (Fig. 3a) , however, 35S04 incorporation into the proteoglycans present was significantly increased in all cultures treated with vitamin C-sulfate (Fig. 3b) . Furthermore, the extent of the increase was greater with the higher doses of vitamin C-sulfate. 35S04 uptake could not be mea¬ sured in cultures treated with vitamin C and sodium sulfate, because of the relative concentrations of cold and radiolabelled sulfate. Alkaline phosphatase activ¬ ity (Fig. 3c) was not altered by the various vitamin C treatments at day 12.
The hydroxyproline content of the matrix of the mineralizing cultures was slightly but not significantly reduced in cultures treated with vitamin C-sulfate as contrasted with cultures given vitamin C. The three concentrations of vitamin C used (12.5, 25 and 50 p,g/ml) yielded the same hydroxyproline content and there was not a dose-dependent effect of vitamin C-sulfate (Fig. 4) on hydroxyproline content. The min¬ eralizing matrices of the cultures treated with vitamin C-sulfate or vitamin C and sodium sulfate had a lower mass at day 16 (3.05 ±0.38 mg) as contrasted to 5.08 ± 1.1 mg for the cultures treated with ascorbate (p < 0.003, Welch non-parametric f-test).
The failure to mineralize in the cultures given the sulfated form of vitamin C or vitamin C + Na2S04 was evidenced by the decreased 43 Ca uptake (Fig. 5) as well as the absence of mineral in FT-IR spectra (not shown). The data in Fig. 5 show an average of the data for each of the concentrations tested, as the uptake in cultures with 5 or 12.5 f-g/ml vitamin C-sulfate did not differ by more than 5% and the uptake in cultures with 12.5,25 and 50 pg/ml vitamin C agreed to within 2%. Cultures given 'fresh' vitamin C-sulfate, from a new bottle and prepared with each medium change, were most similar to control cul¬ tures, but 45 Ca uptake was highly variable. Cultures which received the same ('new') vitamin-C sulfate solution, prepared only at the start of the experiment, showed a decrease in calcium accumulation. Cultures given the old vitamin C-sulfate, heated vitamin Csulfate, or fresh vitamin C plus sodium sulfate showed no mineral accretion. Furthermore, 45 Ca uptake in Alkaline Phosphatase Activity the non-mineralizing vitamin C supplemented cul¬ tures was relatively constant, whereas, in the vitamin C-sulfate supplemented cultures, 45Ca uptake in¬ creased 100% within 10 days and the rate of calcium uptake was 3 X that in the vitamin C treated cultures (data not shown).
Discussion
This study was not undertaken to investigate the mechanism of action of vitamin C as compared to vitamin C-sulfate, which has been described m detail elsewhere (Tolbert et al" 1975) , but rather to de- termine why cultures which had a reproducible pat¬ tern of mineral deposition for many years (e.g. Boskey et al 1991b Boskey et al , 1992a Boskey et al ,b, 1996 Boskey et al ,1997b ) stopped mineraliz¬ ing when for the purpose of efficiency, our laboratory switched from using vitamin C to vitamin C-sulfate. , Our initial studies had shown vitamin C-sulfate at concentrations less than 12.5 p-g/ml were not toxic in these cultures and that was confirmed here. Vitamm C-sulfate, which was not prepared fresh with each change of medium, however, or was not newly ac¬ quired from the manufacturer, inhibited mineraliza¬ tion. Since there is no advantage to using the sulfated form if it has to be prepared with each medium change, there appears to be no rationale for the use of this 'stable' form in this type of culture. A vitamm C-2-phosphate that does not form ascorbyl radicals is also available (Makino et al., 1999) and this stable vitamin C derivative has been used in several os- There are several possible explanations for the observed effects of vitamin C-sulfate on development of a mineralized matrix. Vitamin C (ascorbic acid) is oxidized generating toxic ascorbyl radicals and perox¬ ides (Wilgus and Roskoski, 1988) and we have previ¬ ously shown in this system that high vitamin C doses cause demonstrable cell death (Boskey et al., 1991b) . The vitamin C-sulfate concentrations used in our cul¬ ture system, however, are far below this value. With the lower concentrations of vitamin C-sulfate used in these cultures, there was no EM evidence of cell death and the vitamin-C concentrations were 1/8 that previously shown to cause cell necrosis in this system. Thus, while viable cells are required for carti¬ lage calcification , the failure to mineralize does not appear to be due to cell death. The use of vitamin C-sulfate did slightly (but not significantly) decrease the extent of prolylhydroxylation, suggesting that collagen production was not ex¬ tensively altered. The lack of significance may be related to the decreased weight of cultures treated with sulfated vitamin C, however, the ~ 40% differ¬ ence in weight is most likely attributable to the pres¬ ence of mineral in the vitamin C treated cultures and not to different amounts of collagen being present.
Vitamin C-sulfate is a substrate for sulfatases (Fluharty et al., 1976; Hatanaka and Egami, 1976; Roy, 1979) that are abundant in cartilage (Schwartz and Adamy, 1976) and most likely in this culture system. In cartilage, the proteins sulfated are most likely the proteoglycans, which are known inhibitors of calcification both in solution (Boskey, 1989; Boskey et al., 1997a) , in animal models (Boskey et al., 1991a) and in this culture system (Boskey et al., 1997b) . Total proteoglycan content was not decreased in the pres¬ ence of vitamin C-sulfate, however, sulfate incorpora¬ tion into: total proteoglycans was significantly in¬ creased, suggesting that increased Ca-chelation by the over-sulfated proteoglycans is the major factor caus¬ ing decreased mineralization.
. Shapiro and Poon (1975) noted that the sulfate transfer from vitamin C-sulfate to chondroitin sulfate proteoglycans in chondrocyte cultures did not occur by direct transfer, but was accounted for by decompo¬ sition during storage at -20°C for several days. It is, therefore, likely that in the present study, the decom¬ position of the vitamin C-sulfate results in increased sulfation of proteoglycans (Brand et al., 1989 ; Silbert and DeLuca, 1969; van der Kraan et al., 1988), hence, the high45 Ca uptake in the non-mineralizing controls, reflecting Ca chelation by the matrix. Calcium chela¬ tion by the more highly sulfated proteoglycans could contribute to the failure of those cultures to support mineralization. Because it is tempting to use a stable as contrasted with an unstable essential additive, it is important to consider the consequences of a seem¬ ingly innocuous medium supplement such as vitamin C-sulfate on culture behavior. 
ABSTRACT
The structural strength of a bone can be partitioned into architectural and material components.
In 3-point bending tests of 6 month old female humeri from the HcB/Dem recombinant congenic series, 2 strains differed markedly in calculated failure stress as summarized in the table. We used Fourier Transform Infrared Spectroscopic Imaging (FTIRI) to determine whether differences in collagen cross-link maturity, crystallinity, or spatial ordering could account for the large difference in calculated tissue strength between these 2 strains with similar mineral content.
Cross-link maturity and crystallinity were assayed as the absorbance ratios at 1660:1690 cm '1 and 1030:1020 cm'1, respectively. One-dimensional spatial correlation functions were estimated to compare the uniformity of the indices within fields. For HcB/8, the mean cross-link maturity index is 1.654 and the median is 1.641. The mean and median HcB/23 cross-link maturity indices are 1.273 and 1.365, respectively. The difference in cross link maturity is highly significant (y2 = 1968, 9 df, P < 10'15). For HcB/8, the mean and median crystallinity index are 0.950 and 0.974, respectively. In HcB/23, the corresponding values are 0.840 and 0.909. As for cross link maturity, the difference between the strains is highly significant (x2 = 400, 6 df, P < 10'15). Cross-link maturity and crystallinity are highly and similarly correlated in both strains, with correlation coeffecients of 0.751 for HcB/8 and 0.758 for HcB/23 (P < 10 16 in both strains).
We did not find evidence of significant differences between the strains' 1-dimensional spatial correlation functions. The high correlation between cross-link maturity and crystallinity reflects the interdependence of the protein and mineral elements of bone matrix. The data illustrate the usefulness of FTIRI to examine bone quality and relate it to biomechanical performance. 2 
INTRODUCTION
Fracture is the most significant clinical measure of bone's biomechanical performance.
Epidemiologically, several types of fracture are recognized as "osteoporotic," occurring in the setting of minimal trauma. However, it is known that bone mineral density (BMD), while a useful clinical predictor of fracture risk, does not fully account for individual differences in fracture risk [1] [2] [3] [4] [5] [6] .
Biomechanical testing of bones harvested from experimental organisms is one approach by which the various contributors to bone strength can be studied [7, 8] . By loading bones according to contrived but reproducible protocols, such tests are capable of distinguishing strainspecific differences in mechanical performance. Moreover, it is well-established that the structural strength of a whole bone can be partitioned into architectural and material components. Recently, there has been growing interest in understanding the contributions of both the architectural and the material aspects of bone strength. Architectural investigations have included human studies of hip axis length (e.g. [9-15]), femoral neck bone distribution (e.g. [16, 17] ), crumpling ratio (e.g. [18] ), sexual dimorphism of bone modeling (e.g. [19] [20] [21] [22] ), and trabecular connectivity (e.g. [23] [24] [25] [26] ). In addition, in animal models there has been explicit use of anatomical measurements in the interpretation of biomechanical studies (e.g. [27] [28] [29] [30] ). In this report, we extend previous observations of biomechanical performance in HcB/Dem recombinant congenic mice. In these experiments, we determined that the calculated tissue strength of bone in strains HcB/8 and HcB/23 differ greatly, in spite of similar mineral content. Here, we extend characterization of these strains to include FTIR imaging data from cortical bone samples. We find that the strains differ markedly in collagen cross link maturity and hydroxyapatite crystallinity. We also find that these 2 indices are highly correlated. We find no difference in the one-dimensional spatial correlation of either cross-link maturity or crystallinity parallel to the bone surface. These data are considered with regard to the mechanistic basis of bone strength. 4 Blank
MATERIALS AND METHODS
Mice: The HcB/Dem strains were established and are maintained at the Netherlands Cancer Institute. Briefly, the HcB/Dem mice are inbred strains derived from arbitrary pairs of N3 backcross animals [33] [34] [35] . The HcB/Dem strains have been genotyped at 130 marker loci distributed over each of the autosomes [36, 37] . Because they are inbred, individuals from a single strain have the same genetic composition, save for new mutations and residual unfixed chromosome segments [38, 39] . Less than 5% of the genome was unfixed at the time of genotyping; residual heterozygosity is expected to be reduced by half in each generation of inbreeding. The mice described in this report were maintained at the Hospital for Special Surgery until 6 to 7 months of age under 12 hour light-dark cycling and fed irradiated PICO 5058 rodent chow and autoclaved tap water ad lib. Only females were studied, because inclusion of males would have introduced sex-dependent variability in the traits in addition to the strainspecific and environmental variability already encountered. At sacrifice, body mass and rostroanal length were measured. This work satisfied The Hospital for Special Surgery's requirements for the ethical use of laboratory research animals.
Ash Percentage: Bone mineral fraction was calculated by comparison of dry, defatted bone weight to ash weight of homogenized tissue [40, 41] . We chose to use entire bones rather than bones from which the epiphyses and marrow have been removed because the former technique is more reproducible in our hands.
Radiographic Analysis: Image analysis of fine focus contact radiographs of dissected humeri was performed as described and used to calculate CSA and I [41] . Humeral length was defined as the distance along the diaphysis from the trochlea to the humeral head's most distant point.
Outer and inner diameters were measured in orthogonal projections just distal to the deltoid 5 Image analysis was performed with SigmaScan (Jandel Scientific) image analysis software. All radiographs included stepped aluminum densitometric phantoms. Radiographic images were digitized with a Kodak digital camera, with the photographic field including a length scale.
Biomechanical Testing: Quasi-static 3 Point Bend Testing was performed on left humeri using posts designed and machined in-house with the MTS apparatus and Instron electronics as described [42, 43] , Humeri were oriented with the deltoid tuberosity downward and the specimens oriented with the central post adjacent to the distal end of the deltoid tuberosity. This orientation corresponds to the ML axis being parallel to the applied force. Posts were separated by 3.75 mm.
Biomechanical data were analyzed following several important assumptions. First, we assumed that bone strength is determined entirely by the cortical bone in the mid-diaphysis.
Second, we assumed that the humeral diaphysis is an ellipse with its major axis lying in the ML plane and its minor axis lying in the AP axis. Calculated biomechanical parameters were obtained according to the following standard formulas for 3 point-bending of ellipses [8] :
Stress ( One-dimensional spatial correlation functions (lDCs) were calculated parallel to the bone surface according to the formula g(r) = E(xi -x)(xi+r -x)/Vl xix)2Vz(xi+r -*)2 where xi is the index at a given pixel i, xi+r is the index at a pixel located at a pixel r pixels from i, and x is the average value of the index in the entire field. We calculated g(r) for 0 < r < 64, omitting bad pixels and truncating r at the edge of the scanned field. To compare the correlation functions of the two strains, we hypothesized that the correlation 7 Blank et al. FTIR Imaging of HcB/8 and HcB/23 coefficient would decay over differing correlation lengths in the 2 strains. To test the hypothesis, a straight-line fit was made over the linear, small r region of g(r). The slopes of the fits for the samples were pooled for each strain and subjected to a t-test. 8 Blank et al. Cross link maturity and crystallinity are highly correlated: Because of the well-established relationship between the protein and mineral components of bone's extracellular matrix, we examined the pixel by pixel correlation of the collagen cross link maturity index and the crystallinity index. These properties were highly and similarly correlated in both strains, with correlation coeffecients of 0.751 for HcB/8 and 0.758 for HcB/23. In both strains, the results are highly significant (P < 10'16).
Cross-link maturity and crystallinity are r similarly uniform in HcB/23 than in HcB/8: The FTIR imaging data summarized above consider pixels collectively, without regard for their spatial arrangement within the cortical bone. In order to explore whether the similarity of closely spaced pixels differs between strains, we investigated 1-dimensional spatial correlations in each of the FTIR samples. Figure 3 shows the relationship between distance parallel to the bone surface in pixels and g(r), the correlation of the collagen cross link maturity index at 2 points HcB/23 has much inferior calculated tissue strength relative to HcB/8. While this difference is not as great as that between the parental strains C3H/DiSnA and C57BL/10ScSnA, the parental strains differ significantly in ash percentage as well [46] . These observations led us to explore the possibility that material properties amenable to investigation by FTIR imaging might provide insight into the dramatic difference in failure stress between the strains.
Collagen cross link maturity is one such property. Following collagen synthesis and secretion, individual collagen monomers are enzymatically cross linked in the extracellular space. In bone, the predominant covalent cross links between type 1 collagen molecules are formed by condensation of hydroxylysine and, to a lesser extent, lysine residues. Initial cross links are bimolecular and reducible, and these then mature to form pyridinoline and deoxypyridinoline by further condensation of either hydroxylysine or lysine, respectively. We previously showed that the 1660 cm'1:1690 cm'1 absorbance ratio reflects the relative amounts of nonreducible pyridinoline cross links to reducible DHLNL cross links [45] . Cross links confer tensile strength and viscoelasticity on bone matrix, properties that improve fracture resistance in bending.
Hydroxyapatite crystallinity is a second such property. Crystallinity, as reflected by the 1030 cm'1:1020 cm'1 absorbance ratio, reflects the size and perfection of the hydroxyapatite crystals [47] . The mineral component of bone matrix is a poorly crystalline and highly substituted, a property that facilitates exchange of bone and blood calcium and phosphate levels and thus contributing to bone's metabolic function as a reservoir for calcium. Our data suggest 12 Blank et al. FTIR Imaging of HcB/8 and HcB/23 that increased crystallinity improves mechanical performance. That distinct crystallinity optima for mechanical performance and mineral homeostasis exist is a hypothesis that warrants further study.
We report a high point-by-point correlation between cross link maturity and crystallinity indices. It is well-established that bone mineralization depends on and follows organic matrix synthesis temporally. In osteogenesis imperfecta, for example, defective type I collagen is the underlying problem, but BMC is generally low as well. Meunier and colleagues (e.g. [48, 49] ) have used histologic methods to follow the progress of mineralization in osteonal bone. They found that mineralization occurs in 2 phases, an initial, relatively rapid initial phase followed by a subsequent slower continued mineral accretion. It is tempting to speculate that these observations are in fact illustrations of a more general, possibly mechanistic, relationship between cross link maturity and crystallinity.
There are important limitations to the work presented here. First, the mechanical test performed, 3-point bending, measures whole bone strength, not tissue strength. Tissue strength is calculated from the structural strength, bone dimensions measured from orthogonal plain radiographs, and a relatively crude simplifying assumption regarding the shape of the murine humeral diaphysis. These assumptions lead to important uncertainties regarding the failure stress and modulus estimates reported here.
These technical limitations apply equally to the mechanical testing of both strains, and should therefore not affect the magnitude of the difference between the calculated failure stress and modulus between them. Moreover, 3-point bend testing is a contrived experimental fracture model and may differ mechanistically from clinical fracture. Second, the FTIR imaging was limited to single animals of each strain. While the number of individual spectra analyzed is large, interpretation must be cautious as the animals while subsequent work has demonstrated that this treatment tends to increase the cross link maturity index and decrease the crystallinity index relative to unfixed specimens [50] . As for the technical limitations of the mechanical testing, this limitation should not affect the difference between the strains.
These limitations notwithstanding, the data presented here provide evidence that differences in cross link maturity and crystallinity reflect differences in biomechanical performance not only in the presence of significant pathology (e.g. 16
